Introduction
The tumor size of meningiomas is an important issue in clinical practice. The size of the meningioma as well as the clinical symptoms are significant factors to discuss the treatment strategy (1), natural history (2-15), postoperative course, or growth control after radiosurgery (16) (17) (18) (19) . However, in previous studies, the method used to evaluate tumor size has not been standardized.
Among the several methods that have been previously used to evaluate the size of meningiomas by computed tomography (CT) or magnetic resonance imaging (MRI), the maximum diameter has been used to analyze the natural history of meningiomas (5) (6) (7) (8) (9) . It is the simplest procedure; however, it is uncertain whether the maximum diameter accurately reflects the real volume of the tumor. The ABC/2 formula is frequently used to calculate the volume of intracerebral hemorrhage (ICH) because of its simplicity and quickness; however, the accuracy of the ABC/2 formula has been previously debated (20) (21) (22) (23) (24) . Although some studies have used the ABC/2 formula (2, 25, 26) or the original ellipsoid volume (10, 19, 27) to measure the volume of intracranial tumors, including meningiomas, few studies have evaluated the accuracy of ABC/2 formula for intracranial tumors. The planimetry method presents a more approximate volume for the real tumor and has been applied in many studies (3, 4, (11) (12) (13) (14) (15) ; however, this method is more cumbersome than the ABC/2 method. In addition, the thickness of MRI used to calculate tumor volume differs between each investigator. The aim of this study was to evaluate the accuracy of maximum diameter and volume calculated by the ABC/2 formula and the planimetry method using thick slice MRI compared with calculations using thin slice MRI in order to clarify the optimal method for evaluating the size of meningiomas.
Materials and Methods

Patient population and imaging
This study included meningioma patients who underwent tumor resection surgery and were pathologically diagnosed as meningioma in Hokkaido University Hospital from 2002 to 2015.
Patients who underwent following preoperative MRI in 2 different sequences were included in this study and were radiologically analyzed: conventional thick slice (4.0-5.0 mm thickness and 0.5-2.0 mm slice space) gadolinium-enhanced T1 weighted imaging (Gd-T1WI) and thin slice (0.9-1.5 mm thickness) 3-dimensional constructive interference steady state (CISS) imaging. According to the tumor location, the meningiomas were divided into skull base meningiomas and non-skull base meningiomas. Skull base meningiomas included the anterior skull base, middle skull base, and posterior skull base. Non-skull base meningiomas included the calvarium and other sites. Anterior skull base meningiomas included olfactory groove, planum sphenoidale, and tuberculum sellae meningiomas. Middle skull base meningiomas included sphenoid ridge, clinoid, cavernous sinus, and middle fossa meningiomas. Posterior skull base meningiomas included petrosal, clival, and petroclival meningiomas. Calvarium meningiomas included cerebral convexity, cerebellar convexity, and parasagittal meningiomas. Meningiomas in other sites included falx, tentorial, or lateral ventricle meningiomas that had no or lesser attachment to the skull. MRIs of the patients included in this study were retrospectively analyzed by the following procedures using the Osirix software package (Pixmeo, Geneva, Switzerland). The tumors with massive perifocal edema were excluded in this study, because the real tumor volume could not be evaluated for the obscure boundary line of tumor on CISS imaging. The patients with multiple meningiomas and obvious bone infiltration of tumors were also excluded. Bone CT was used to distinguish tumors from hyperosteosis, wherever required.
Form factor analysis
To approximately evaluate the configuration of tumor, form factor (FF) analysis was performed on each tumor. Among the CISS images that contained attachment with the dura mater, the maximum area and perimeter at the same slice were measured. FF was calculated as (4π × area)/perimeter 2 , where FF = 1 indicates a perfect circle and FF = 0 indicates a straight line (28) .
For meningiomas without attachment to the dura mater (i.e., intraventricular meningiomas), FF was calculated at the slice with the maximum area among all the slices.
Measurement of maximum diameter and calculation of tumor volume
The maximum diameter of the tumor was measured among axial, coronal, and sagittal views of the CISS imaging. For calculating tumor volume, 3 methods were applied for each tumor. V1
was defined as the volume calculated by the ABC/2 method using axial images on thick slice Gd-T1WI. The ABC/2 calculation was conducted as follows: A, maximum tumor diameter; B, diameter of the tumor perpendicular to A ( Figure 1A ); and C, maximum height of the tumor acquired on the browser of the picture archiving and communication system. V2 was defined as the volume calculated by the planimetry method using axial images on thick slice Gd-T1WI ( Figure 1B ). For measurements in Gd-T1WI, enhancement of dural tail was excluded from the tumor. V3 was defined as the volume calculated by the planimetry method using axial images on thin slice CISS imaging ( Figure 1C ). For the planimetry method, regions of interest were set by tracing the boundary of the tumor manually. Among these methods, V3 (calculated by the planimetry method with thin slice MRI) was presumed to be closest to the actual volume of the tumor (3, 25) and was considered as the real volume in this study. The accuracy of the ABC/2 and planimetry methods using thick slice MRI was assessed by the ratio of V1 to V3 (V1/V3) and V2 to V3 (V2/V3) and the difference of V1 from V3 (V1-V3) and V2 from V3 (V2-V3), respectively. Because V1/V3 = 1.0
and V2/V3 = 1.0 would indicate equality between V1, V2, and V3, respectively, the absolute value of (1-V1/V3) and (1-V2/V3) was calculated to evaluate the variability of V1 and V2 from the real tumor volume (referred to as |1-V1/V3| and |1-V2/V3|, respectively).
Statistical analysis
Tumor maximum diameter and calculated tumor volume are represented as mean ± standard deviation. Pearson correlation was used to appraise the relationship between V1, V2, and V3 (r = coefficient of correlation). Student's t-test was used to assess between-group differences. Betweengroup differences in tumor sizes according to five sub-locations were assessed on one-way analysis of variance (ANOVA) followed by the Tukey-Kramer test as post hoc analysis. Regression analysis was performed to assess the correlation between FF and V1/V3. A difference with a probability value of <0.05 was considered to be statistically significant. Table 1 .
Results
Eighty
FF analysis
FF of the non-skull base meningiomas was statistically higher than that of the skull base meningiomas (p < 0.01, Figure 2A ). This indicates that the meningiomas in the skull base tended to be more irregular in shape compared with the meningiomas in the calvarium or other sites. Among the 3 groups of skull base meningiomas, the difference in FF was not statistically significant.
The correlation between tumor maximum diameter and tumor volume
The correlation between tumor maximum diameter and V3 was significant (r = 0.91, Figure   2B ). However, the calculated tumor volume differed in each case despite the tumors presenting comparable maximum diameter ( Figure 2C ). This trend became more significant as the tumor diameter became larger.
Accuracy of the ABC/2 formula compared with the planimetry method with thin slice MRI
The correlation between V1 and V3 was statistically significant among all the meningiomas (r = 0.97, Figure 3A ). In the non-skull base meningiomas, V1/V3 were 0.89-1.40 (1.07 ± 0.11, Figure 3B , C). In the skull base meningiomas, V1/V3 were 0.86-1.93 (1.22 ± 0.24, Figure 3B , C).
These results indicate that V1 in both skull base and non-skull base meningiomas tend to be higher than V3. The V1/V3 values of skull base meningiomas were statistically higher than that of non-skull base meningiomas ( Figure 3C ). One-way ANOVA of V1/V3 among the five locations showed significant between-group differences (p < 0.01); Tukey-Kramer test demonstrated significant differences between meningiomas in calvarium and middle skull base (p < 0.05), and between other sites and middle skull base (p < 0.05). Among the 3 groups of skull base meningiomas, the mean V1/V3 was highest in the middle skull base meningiomas followed by the posterior skull base meningiomas ( Figure 3C ). This result indicates that the ABC/2 formula tended to overestimate the tumor volume, particularly in the middle skull base. The value of |1-V1/V3|, indicating inaccuracy of the ABC/2 formula, was statistically higher in skull base meningiomas than in non-skull base meningiomas ( Figure 3D ).
Correlation between FF and V1 was not significant (r = −0.1, Figure 4A ). On comparing FF and Figure 4B ).
Accuracy of the planimetry method with thick slice MRI compared with thin slice MRI
The correlation between V2 and V3 was statistically significant in all the meningiomas (r > 0.99, Figure 5A ). V2/V3 were 0.75-1.12 (0.98 ± 0.09, Figure 5B , C) in the non-skull base meningiomas and 0.60-1.25 (0.99 ± 0.09, Figure 5B , C) in the skull base meningiomas. The difference between V2 and V3 was not statistically significant ( Figure 5C ). In each of the 3 groups of skull base meningiomas, the mean error from the real volume was within 10% ( Figure 5C ). The value of |1-V2/V3| presented no significant difference between non-skull base and skull base meningiomas ( Figure 5D ), which indicated the utility of the planimetry method using thick slice MRI regardless of the tumor location. The accuracy of the planimetry method using thick slice MRI compared with the ABC/2 method was also indicated by the significantly smaller difference between V2 and V3 ( Figure 6A ). However, in non-skull base and skull base meningiomas, tumors with small V3 tended to present variability of V2/V3 regardless of their location ( Figure 5B ). This indicated that the planimetry method with thick slice MRI could over-or underestimate tumor volume when the tumor was small. We further analyzed the correlation between the accuracy of the planimetry method with thick slice MRI and its number of fractions in MRI slices. In thick slice MRI, the number of MRI slices that presented tumor was 2 in 1 case, 3 in 10 cases, 4 in 14 cases, 5
in 11 cases, 6 in 15 cases, 7 in 12 cases, 8 in 8 cases, 9 in 7 cases, 10 in 3 cases, and 11 in 2 cases.
V1/V3 and V2/V3 in each group according to MRI slices are summarized in Table 2 . Although accuracy of the tumor volume tended to be superior with the planimetry method by thick slice MRI compared with the ABC/2 formula, V2/V3 varied more widely in tumors within 3 slices than tumors of more than 4 slices in thick slice MRI, with a mean V2/V3 of 0.89 ± 0.17 and 1.00 ± 0.06, respectively ( Figure 6B ). This variability of V2/V3 in small tumors was also indicated by the |1-V2/V3| values ( Figure 6C ). Therefore, the planimetry method with thick slice MRI tended to overor underestimate the volume of small meningiomas within 3 slices, while in most of the meningiomas of more than 4 slices in thick slice MRI, tumor volume could be calculated by the planimetry method with thick slice MRI within 10% error compared with thin slice MRI ( Figure   6B ).
Discussion
Although maximum diameter has been used to evaluate the natural history of meningiomas (5-9), our results indicate intercase differences in tumor volumes even for tumors with comparable maximum diameters. Therefore, maximum diameter of the tumor should be used exclusively for the assessment of the same tumor, such as for the evaluation of the natural history, and is not adequate for the comparison of different cases. We adopted FF analysis to quantify the irregularity of tumors because the assessment of tumor shape largely depends on subjective view of examiner. To our knowledge, FF analysis is a clinically available method to assess the irregularity of tumor, and we consider that it is a helpful and a simple procedure. However, not all cases with high FF presented accurate V1 in this study, which would be a limitation of this method because FF is calculated only by one slice with maximum cross-section.
Because the ABC/2 formula can provide the volume of a lesion easily and within short time, it is useful in clinical practice for cerebrovascular disorders, such as ICH (20) (21) (22) (23) (24) 29) or cerebral infarction (30), that require rapid decision-making. However, the accuracy of the ABC/2 formula has been previously debated in these fields, particularly in ICH. This is because the ABC/2 formula tends to overestimate volume if the hematoma is of an irregular shape (21, 24, 29) . Because the ABC/2 formula is calculated on the presumption that the lesion is ellipsoid in shape, the calculated volume tends to differ from the exact volume if the form of the lesion differs from ellipsoid.
The accuracy of the ABC/2 formula for intracranial tumors has not been debated. In previous studies, the ABC/2 formula has been reported as a calculable method for acoustic neuromas (25) and pituitary adenomas (26) . These tumors arise at specific locations, and variations in tumor shape are limited. However, meningiomas arise in various intracranial sites, and the shape of the tumor can present in various patterns. In this study, parameters of skull base meningiomas calculated with ABC/2 formula showed a tendency for overestimation as compared to that in case of non-skull base meningiomas. This is most likely because meningiomas in these regions tend to have relatively irregular shapes that are dependent on the anatomy of the skull base as presented by FF analysis.
Although meningiomas in other locations tended to have relatively accurate volumes with the ABC/2 formula, a proportion of the tumors in these locations also had overestimated volumes ( Figure 3B ). We consider that this discrepancy is because of the lobular shape of the meningiomas.
Because the ABC/2 formula calculates the volume of an ellipsoid based on the maximum diameter of the tumor, such lobular-shaped tumors would be overestimated by the ABC/2 formula similar to the previous studies on ICH (21, 24, 29) . According to the results of this study, the use of the ABC/2 formula should be limited to non-skull base meningiomas with regular and round or ellipsoid shapes. To obtain a more accurate tumor volume using the ABC/2 formula, Dirks et al. have recommended using the ABC/2 formula by dividing the tumor into compartments for multilobulated tumors (2) . Although the ABC/2 formula appears to be useful for calculating the growth rate of a tumor rather than quantification of tumor volume, this has been reported as an underestimation (1).
The planimetry method has been widely used to calculate the volume of meningiomas in previous studies (3, 4, (11) (12) (13) (14) (15) ; however, the details of the procedure depend on each investigator. The FF analysis and correlation between maximum diameter and V3.
A: FF of skull base meningiomas was significantly lower than that of non-skull base meningiomas (left). Among the skull base meningiomas, the difference of FF was not statistically significant between each location (right) (*; p < 0.01, N.S; not significant).
B-C:
Comparison between maximum diameter and V3 (planimetry method with thin slice CISS).
Horizontal axis, maximum diameter (mm); Vertical axis, V3 (cm 3 ) B: The correlation between the maximum diameter and V3 was significant (r = 0.91).
C: Tumors classified according to the maximum length (every 10 mm). Longer maximum length was related to variability in tumor volume. The planimetry method using thick slice MRI presented relatively accurate volumes of the meningiomas; however, inaccurate volumes were calculated when the tumor was fractionated less Table 2 Summary of V3 and V1/V3 and V2/3 ratios according to the number of MRI slices that fractionates the tumor. 
